We demonstrate intracavity laser cooling inside of a VECSEL, where the temperature of a Yb:YLF crystal was lowered by 20 K. We outline future improvements, striving towards a compact, efficient cryocooler device.
Introduction
Optical refrigeration is based on the process of anti-Stokes fluorescence. When the excitation laser is tuned above the mean luminescence wavelength of the transition, the resulting fluorescence upconversion requires phonon absorption in order to establish quasi equilibrium. This fluorescence carries heat and entropy away from the material resulting in net cooling [1] . Recently, we have identified cooling efficiency enhancement near the E4-E5 Stark manifold transition [2] and used it to cool a Yb:YLF crystal to 155 K, demonstrating first cryogenic operation of an optical cryocooler. In these experiments a multi-pass non-resonant cavity geometry was used to enhance pump absorption. Such an approach becomes increasingly difficult at lower temperatures due to decreasing absorption in the cooling tail. While we have also demonstrated that an optically-impedance-matched passive resonant cavity can be used to enhance pump absorption to nearly unity [3] , such an approach is currently hindered due to the longitudinal mode instability of the high power pump laser. An alternative approach to maximize the absorbed power is to place the cooling element inside the pump laser cavity [4] . Here, we report a novel implementation of intracavity cooling using a vertical external-cavity surface-emitting laser (VECSEL) designed to operate near the E4-E5 transition of Yb:YLF.
VECSEL
The details of the VECSEL setup (Fig. 1a) are as follows: The gain mirror, consisting of a GaAs/AlAs DBR and InGaAs quantum well active region, is mounted to a CVD diamond heat spreader using indium solder [5] . The diamond is cooled from the back using a custom water jet impingement cooler [6] . A fiber coupled 808 nm diode laser is used as pump source, focused onto a 300 μm diameter spot on the sample surface. The external cavity consists of a 25 cm radius of curvature highly reflecting mirror (or 1% transmission output coupler, Fig. 1b) and a flat mirror, placed inside a vacuum chamber. Cavity length is adjusted to optimize overlap between cavity mode and pump spot. VECSEL emission spectra without cooling sample and vacuum chamber window are shown in Fig. 1c . 
Intracavity cooling
To conduct the laser cooling experiments a 5% doped Yb:YLF crystal of approximately 2 mm thickness is placed intracavity at Brewster angle in the E^c orientation. The sample is supported by optical fibers to reduce contact area and conductive heat load. The window of the vacuum chamber is also aligned at Brewster angle to the VECSEL mode to reduce losses. The chamber is evacuated to 10 -6 mbar using a turbopump to effectively eliminate convective heat load. We monitor sample temperature using differential luminescence thermometry (DLT) [2] : Fluorescence from the Yb:YLF crystal is collected using a multimode optical fiber and spectra recorded using a silicon CCD line grating spectrometer (Fig. 2a) , and DLT is applied to monitor the sample temperature in real time (Fig. 2b) . At an 808 nm pump power of 34 W the VECSEL intracavity power is monitored from the leakage through the curved high-reflecting mirror and estimated to be 8 W, of which approximately 6% or 460 mW is absorbed in the cooling sample. Pump power is increased in two steps up to 60 W to maximize cooling. After a total of 30 minutes of VECSEL operation, cooling by 20 K is demonstrated, as shown in Fig. 2c . In summary, we report the observation of intracavity cooling of a Yb:YLF sample by 20 K using a VECSEL. This is a first step towards a compact, high-efficiency optical cryocooler.
